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Circular dichroism
The folding states of L-and D-MCa were checked by far-UV circular dichroism (CD). The CD spectra were recorded on a Jasco 810 dichrograph using 1 mm thick quartz cells in 300 l water. CD measurements were performed at 298 K, using a wavelength ranging from μ 260 to 190 nm. Peptide concentrations were 0.1 mM for these measurements. D-MCa thermal stability was assessed using CD by following changes in the spectrum with increasing temperature at fixed wavelength (200 nm). Measurements were performed in the temperature range of 20 C 100 C with data pitch of 10 C step and temperature rise of 5 C/min.°-°°°N
MR experiments
Purified D-MCa was solubilized in 500 l of a mixture of H O and D O (9/1, v/v) at a final concentration of 1.9 mM. Amide proton μ 2 2 exchange rates were determined after freeze-drying of the sample and solubilization in 100 D O. All H-NMR spectra were recorded on % 2 1 a Bruker DRX500 Avanced III spectrometer equipped with a QX1 probe with Z axis gradients. The temperature was set to 300 K and the spectra were recorded with 2048 complex points in the directly acquired dimension and 400 points in the indirectly detected dimension (4,096 512 points for the DQF-COSY). Solvent suppression was achieved using excitations sculpting with gradients ( ).
Two-dimensional spectra were acquired using states-TPPI method ( ) to achieve F1 quadrature detection ( ). NOESY spectra were 18 19 acquired using a mixing time of 100 ms. TOCSY was performed with a spin locking field strength of 8 kHz for 80 ms. The individual amide proton exchange rates were determined by recording series of six NOESY spectra (10 hrs duration for each experiment) at 300 K using the D O sample. Amide proton exchange still giving rise to nuclear Overhauser effect (nOe) correlations after 60 hrs of exchange 2 were considered as slowly exchanging and therefore engaged in a hydrogen bond, the partner of which being identified on the sight of preliminary calculated structures. All spectra were processed with NMRPipe ( ). 20
Spectrum analysis and experimental restraints
The identification of amino-acid spin systems and the sequential assignment were done using standard strategy described by W thrich ü ( ), applied with NMRview 5.2 graphic software ( ). The comparative analysis of COSY and TOCSY spectra recorded in water gave 21 22 the spin system signatures of the peptide. The spin systems were then sequentially connected using NOESY spectra. The integration of nOe data was performed by measuring peak volumes. On the basis of known distances in regular secondary structures, these volumes were translated into upper limit distances with CYANA 2.1 ( ). Remaining nOe were assigned using the CANDID/NOEASSIGN automatic 23 procedure of CYANA 2.1. Chemical shifts have been deposited to the BMRB Data Bank with Accession Number 16605. The calculation, after modification of libraries to integrate D-amino-acid configuration, consisted of seven cycles of iterative automated nOe assignment and structure calculation of 250 conformers in each cycle. At the end of each CYANA run, unambiguously assigned peaks were converted in distance restraints and used as inputs for the next calculation steps. To keep the similar assignment condition, the same nOe calibration parameter, calculated by CYANA during the first run of nOe assignment, was used in all other runs of calculation. The final structure calculations with CYANA were started from 600 conformers and a simulated annealing with 20,000 time steps per conformer was done using the CYANA torsion angle dynamics algorithm ( , ). The 100 best solutions were refined using a short restrained molecular 24 25 dynamics simulation in explicit solvent ( , ) in the program XPLOR-NIH ( ). At the end of the refinement, the 20 lowest energy 26 27 28 solutions were selected to form the final ensemble. The quality of the structure was analyzed with PROCHECK-NMR ( ) and WHATIF 29 ( ) programs. Superposition of the structures was performed using the McLachlan algorithm as implemented in the program ProFit 30
(Martin, A.C.R., ). All structure representations were made with the program PYMOL (DeLano http://www.bioinf.org.uk/software/profit/ Scientific, Palo Alto, CA, USA.
). The atomic coordinates and experimentally derived restraints have been http://www.pymol.org deposited in the Protein Data Bank with Accession Number 2KQL.
Preparation of heavy SR vesicles
Heavy SR vesicles were prepared following the method of Kim et H -ryanodine bound to heavy SR vesicles was measured by filtration through Whatman GF/B glass filters followed by three washes with 3 ]
5 ml of ice-cold washing buffer composed of 150 mM NaCl, 20 mM HEPES, pH 7.4. H -ryanodine retained on the filters was measured
by liquid scintillation. Non-specific binding was measured in the presence of 80 M unlabeled ryanodine. The data are presented as mean μ S.E. Each experiment was performed in triplicate.
±
Ca release measurements 2 
+
Ca release from heavy SR vesicles was measured using the Ca -sensitive dye antipyrylazo III. loaded with Ca at 37 C in 2 ml of a buffer containing 100 mM KCl, 7.5 mM sodium pyrophosphate, 20 mM MOPS, pH 7.0, 2 +°s upplemented with 250 M antipyrylazo III, 1 mM ATP/MgCl , 5 mM phosphocreatine, and 12 g/ml creatine phosphokinase ( 
Cell culture
Chinese hamster ovary (CHO) cell line (from ATCC) were maintained at 37 C in 5 CO in F-12K nutrient medium (InVitrogen)°% 2 supplemented with 10 (v/v) heat-inactivated fetal bovine serum (InVitrogen) and 10,000 units/ml streptomycine and penicillin % (InVitrogen).
MTT assay
Cells were seeded into 96-well micro plates at a density of approximately 8 10 cells/well. After 2 days of culture, the cells were 
Statistical analyses
All data are given as mean SD for n number of observations, and statistical significance (p) was calculated using Student s t test.
± '
RESULTS
Chemical Synthesis of D-MCa and Enzymatic Stability
The amino acid sequence and the expected disulfide bridge organization of D-MCa are illustrated in . Solid-phase chemical Figure 1A Figure 1C analytical C reversed phase HPLC, D-MCa was totally resistant to the action of these enzymes while L-MCa was significantly degraded. 18 This is a significant advantage of D-MCa over L-MCa if applications are pursued with these CPP. in vivo
CD analysis and Thermal Stability of D-MCa
The circular dichroism (CD) spectrum of D-MCa was determined to assess its secondary structure, and compared to the CD spectrum ). Figure 2C Determination of the 3-D solution structure of D-MCa NMR resonance assignment and structure calculation were performed for D-MCa. The spin systems were identified on the basis of both COSY and TOCSY spectra. Once assignment procedure was achieved, almost all protons were identified and their resonance frequency determined ( ). The 3D structure was determined by using 390 nuclear Overhauser effect (nOe)-based distance restraints Table 1 (including 158 intra-residue restraints, 116 sequential restraints, 36 medium-range restraints, and 80 long-range restraints). The distribution of these nOe-based distance restraints along the sequence is shown in . In addition, 12 hydrogen bond restraints derived from Figure 3A hydrogen-deuterium exchange data have been included, as well as 9 distance restraints derived from the three disulfide bridges (Cys -Cys 3 , Cys -Cys , Cys -Cys ) as previously determined for L-MCa ( ). Altogether, the final experimental set corresponds to 11.81 17 10 21 16 32 32 constraints per residue on the average. The final step of calculation including the whole set of restraints (see ) led to 900 solutions Table 2 from which the 100 best were energy-minimized in explicit solvent. The 20 best solutions (no residual violation greater than 0.1 ) were Å kept for analysis ( ). The root mean square deviation (rmsd) calculated on the ensemble, excluding C-and N-terminal residues is Figure 3B Table 2 regions (amino-acids 8 10, 20 23, 30 32) are considered, these rmsd values drop to 0.43 0.08 and 1.37 0.19 , respectively. These
values indicate a lower resolution for the unordered regions ( ). This is confirmed by the individual rmsd values and by the Figure 3B scarcity of constraints in these regions ( ). The correlation with the experimental data shows no nOe-derived distance violation Figure 3A greater than 0.1 and the Ramachandran plot, after modification of the library to include D-amino-acid configurations, shows (in PROCHECK software nomenclature) 95.5 of the residues in the allowed regions and 0.5 in the disallowed regions. structures is 1.18 for backbone atoms (this value drops to 0.44 on ordered structures) and 2.07 for all non-hydrogen atoms. Therefore, Å Å the molecule, synthesised in D-configuration for alpha carbons adopts a fold which is a pure mirror image of the Lconfiguration ( Figure   ) . This inversion is also seen on the organization of the molecular surface, leading to (i) the conservation of the basic patch and of the 3C overall electrostatic anisotropy (the resulting dipole moment is conserved both in direction and strength) and (ii) the geometry inversion of the toxin surface involved in interaction with RyR (not shown). The conservation of the basic patch implies that membrane translocation properties should be well conserved, whereas geometry inversion of toxin surface should affect the ability of D-MCa to recognize RyR. investigated the effects of D-MCa on these two paradigms ( ). As shown, L-MCa potently increases H -ryanodine binding on Figure 5 [ ). Altogether, these data argue that D-MCa, while being a mirror structure of L-MCa, is totally pharmacologically inert with Figure 5B regard to RyR channel activation.
D-MCa is
3 ] heavy SR vesicles known to contain RyR. Maximal binding stimulation is 6.2-fold and occurs with an EC of 17.8 nM. In contrast to 50 L-MCa, D-MCa had no effect on H -ryanodine binding and this for concentrations up to 1 M ( ). We have repeatedly [ 3 ] μ Figure 5A
Labeling of D-MCa by FAM and cell penetration properties
To investigate the cell penetration properties of D-MCa, it was first covalently coupled to 5( )-carboxyfluorescein (FAM) using a 6 peptide bond at the N-terminus of the peptide ( ). FAM is represented here by two isomers that may differ slightly in Figure 6A hydrophobicity during HPLC purification. After synthesis, FAM-D-MCa was purified by reverse-phase C18 HPLC. As shown, the Figure 6C comparable to the distribution observed for FAM-L-MCa, synthesized according to the same principles than FAM-D-MCa (synthesis not described herein). These data indicate that D-MCa preserves the cell penetration properties of L-MCa. Confocal images further suggest that the labeling of DMCa-FAM is intracellular rather than membranous. To reinforce this observation, we analyzed how much of the D-MCa-FAM colocalized with the plasma membrane staining ( ). As shown, a very small fraction of the D-MCa-FAM was Figure 6D colocalized with concanavalin A-rhodamin staining (6.2 of total FAM-colored pixels).
FAM-D-MCa was present in all cells but the distribution was variable from cell to cell ( ). This distribution was fully
%
In many cells, D-MCa-FAM penetration results in a mixed distribution (cytoplasm in addition to a punctuate distribution). These coincident distributions have been interpreted as evidence that two mechanisms of cell penetration of FAM-D-MCa coexist: translocation
for cytoplasm distribution and a form of endocytosis for endosomal punctuate distribution, as evidenced in earlier studies ( , , ). The 14 15 37 use of any one of these two entry pathways is possibly under the influence of the nature and size of the cargo. Therefore, we reinvestigated the nature of FAM-D-MCa cell entry by using various inhibitors of the endocytosis route ( ). LysoTracker red stains endosomal Figure 7 structures. As shown, 73.5 of endosomal structures were also positive for FAM-D-MCa ( ). In addition, a significant fraction % Figure 7A ,B of FAM-D-MCa staining (55.4 ) was endosome-negative, suggesting the coexistence of two types of cell distributions (more than half not % related to endosomes, and less than half endosomal). These ratio between both distributions differ from the one observed using fluorescent streptavidine as cargo. With streptavidine, we have shown that the macropinocytosis inhibitor, amiloride, blocks 80 of cell entry ( ). FAM-D-MCa and FAM-L-MCa, respectively. Finally, a good CPP is also one that presents no cell toxicity. Both D-MCa and L-MCa were evaluated for their toxic effects by incubation with CHO cells for 24 hours. As shown, both peptides had no toxic effects at concentrations of 10 M, contrary to 0.1 saponin ( ).
μ % Figure 8D 
DISCUSSION
MCa is one additional member of the exponentially growing list of reported CPP. It is however one of the rare CPP that is fully natural
and that presents such a well-defined 3D structure. However, because of its intrinsic pharmacological properties, it requires the design of new analogues that take advantage of its peculiar cell penetrating efficacy without the drawback of its activity. One design strategy, based on the replacement of cysteine residues by 2-aminobutyric acid residues and the consequent loss of secondary structure, led to the successful production of a pharmacologically-inert but potent cell penetrating MCa analogue. This strategy however eliminated some of the MCa features that distinguish it from other classical CPP. In particular, this analogue is no longer folded and it loses some of its cell penetrating efficacy. The present strategy, consisting to successfully produce D-MCa, was aimed to circumvent both of these drawbacks.
In addition, the use of D-amino acids renders the peptide resistant to protease action, making it a particularly useful vector for in vivo and Arg interacting with His of the channel). In another example of a violation of the traditional lock-and-key model of ligand-target 24 29 404 interaction, it was found that the D enantiomer of GsMTx4, a peptide of the venom of tarantula , remained active Grammostola spatulata on stretch-activated cation channels ( ). This effect is proposed to occur through local bilayer thinning without requiring a physical 44 contact with the channel. In the case of MCa, we found that producing this CPP with D-amino acids does also not interfere with its folding and with the correct formation of disulfide bridges. The disulfide bridge pattern could not be assessed as usual, i.e. by limited trypsin digestion of the folded/oxidized peptide followed by MS analyses. In contrast, we confirmed the correct folding and disulfide bridge Also, in spite of MCa s affinity for negatively-charged lipids of the plasma membrane ( ), this finding also argues for a direct protein concentrations of L-MCa (black filled symbols) or D-MCa (red filled symbols). H -ryanodine binding was measured at pCa 5 in the
presence of 10 nM H -ryanodine for 2.5 hrs at 37 C. Non specific binding was constant at all MCa concentrations and in all cases 
